A series of novel enantiomerically pure spiro-isoxazolidines and spiro-isoxazolines were synthesized regioselectively by 1,3-dipolar cycloaddition using respectively two dipoles, nitrones and nitrile oxides, on the exocyclic double bond of the B ring of tomentosin (a-methylene-g-butyrolactone), a sesquiterpene lactone extracted from Dittrichia viscosa.
Introduction
Plants have a long history as therapeutics in the treatment of human diseases and have been a continuous source of inspiration for the development of new medicines. Among them, the genus Inula (Asteraceae) comprises more than 100 species, many of which are widely used in traditional medicine for a variety of biological purposes including anti-inammatory, anti-cancer and antibacterial activities. [1] [2] [3] Numerous compounds of interest have been isolated and identied from these plants such as avonoids, monoterpenes, triterpenoids, and polyphenols. This genus is also a rich source of sesquiterpene acids and lactones. Many studies have focused on sesquiterpene lactones since they exhibit a wide range of biological properties [4] [5] [6] and have candidates in different phases of clinical trials such as parthenolide, costunolide, helenalin, and artemisinin ( Fig. 1 ). The cytotoxicity of sesquiterpene lactones was partly attributed to the presence of potential alkylating agents such as the a-methylene-g-lactone moiety, which are prone to covalently react with biological nucleophiles, e.g., L-cysteine, in a Michaeltype addition. [7] [8] [9] [10] [11] [12] This highly electrophilic structure may also be the origin of a major contact allergen effect and plants that contain sesquiterpene lactones are held responsible for an increasing number of cases of contact dermatitis. [13] [14] [15] Using this reactive site, various structural modications have been carried out to obtain less toxic and more reactive candidates and lately the introduction of spiro-heterocyclic molecular frameworks has aroused particular interest among medicinal chemists. 16, 17 For example, the Ding and Kumar groups [18] [19] [20] recently synthesized spiro-isoxazoline and spiro-isoxazolidine derivatives of parthenin, a-santonin and artemisinin and promising anti-cancer activities were obtained. As part of the Moroccan plant development program, [21] [22] [23] [24] [25] Dittrichia viscosa L. Greuter, an invasive perennial weed, was particularly examined. 26, 27 This plant is used either as extracts or essential oil in traditional Moroccan medicine for its antipyretic, antiseptic and anti-inammatory properties. 28, 29 Easily accessible, it is a renewable source of sesquiterpene lactones such as tomentosin (1), 30,31 also known as xanthalongin. This molecule is straightforwardly isolated in respectively 1.5% with respect to the dry weight of the aerial part of the plant (Fig. 1 ). 32, 33 Tomentosin was already reported to act as a cytotoxic and anti-inammatory agent [34] [35] [36] but despite this biological potential, it has received little pharmacological attention so far. Therefore, we propose herein the introduction of an isoxazoline and an isoxazolidine functionality to form libraries of structurally original spiro-bicyclic analogues of tomentosin by 1,3-dipolar cycloaddition with two dipoles, nitrones and nitrile oxides on the exocyclic double bond of the B ring of tomentosin ( Fig. 2 ). 
Results and discussion
The spiroisoxazoline derivatives of tomentosin were synthesized through a 1,3-dipolar cycloaddition of various aldoximes 2 with the exocyclic ring B double bond (Scheme 1).
Nitrile oxides 2 were prepared by converting various aromatic aldehydes to the corresponding oximes via the reaction with hypochlorite anion present in bleach. The bleach was used in two steps: initially to produce chlorooxime and then thanks to its basicity to induce dehydrohalogenation, leading to the nitrile oxide. Experimentally, aldoxime was mixed with the tomentosin in THF, and then a bleach solution (14.5% of chlorine) was added dropwise during 12 hours. Only one diastereoisomer was isolated and characterized by NMR spectroscopic analysis and mass spectrometry. The 1 H NMR spectra of the spiroisoxazoline derivatives of tomentosin 3a showed the disappearance of the alkene protons along with the appearance of two doublets at respectively 3.42 and 3.58 ppm that conrm the selectivity of the nitrile oxide cycloaddition. The reaction took place whatever the substituent in the para position of the aryl entity, whether electron donating (CH 3 , OCH 3 ) or electronattracting (F). When a poor or electron-rich heteroaryl was used, the reaction did not take place and only the starting material was recovered.
The spiroisoxazolidine derivatives of tomentosin were obtained through 1,3-dipolar cycloaddition of various nitrones 4 in reuxing dry benzene (Scheme 2). 37-39 Nitrones 4 were straightforwardly obtained according to the literature procedure in which nitroaryls were rst reduced in the presence of zinc and acetic acid to obtain the corresponding aryl hydroxylamines that were condensed with various aromatic aldehydes. 40 The spiro-isoxazolidines 5 were obtained as one diastereomer aer purication by ash chromatography. The operating conditions are compatible with the introduction of nitrones with aryl entities bearing electron-donating (CH 3 , OCH 3 ) or electron-attracting (CF 3 , F) substituents. The use of nitrones with heteroaryl entities was carried out successfully. It should be noted that the use of toluene instead of benzene, for environmental reasons, did not unfortunately allow us to obtain the products. The structures of the spiroisoxazolidines were conrmed by their 1 H, 13 C and 2 D NMR spectroscopic data as described for 5q ( Fig. 3 ). The 1 H and 1 H-COSY data showed the correlation of H-7 with H-8 and H-8 with H-16. Further, the HMBC experiment showed the correlation of H-7 and H-8 with C-17 and H-7 with C-16 ( Fig. 3 ).
In the 1 H NMR comparison with the literature data, Reddy et al. 18 obtained two diastereomers. Each diastereomer was isolated and the clear chemical shi deviation of the benzylic proton adjacent to the nitrogen atom in the isoxazolidine ring between two diastereomers was observed in 1 H NMR. In the major isomer this proton appeared at 5 ppm, but in the minor isomer this signal shied toward a more shielding region and appeared approximately at 4 ppm.
Experimental section

General information
All reagents were purchased from commercial suppliers and were used without further purication. The reactions were monitored by thin-layer chromatography (TLC) analysis using silica gel (60 F254) plates. Compounds were visualized by UV irradiation. Flash column chromatography was performed on silica gel 60 (230-400 mesh, 0.040-0.063 mm). 1 H and 13 C NMR spectra were recorded on a Bruker AVANCE II spectrometer at 250 MHz ( 13 C, 62.9 MHz) and on a Bruker AVANCE III HD nanobay at 400 MHz ( 13 C 101 MHz). Chemical shis are given in parts per million from tetramethylsilane (TMS) or deuterated solvents (MeOH-d 4 , CDCl 3 ) as internal standard. The following abbreviations were used for the proton spectra multiplicities: b: broad, s: singlet, d: doublet, t: triplet, q: quartet, p: pentuplet, m: multiplet. Coupling constants (J) are reported in hertz (Hz) . High-resolution mass spectra (HRMS (ESI)) were performed on a Maxis Bruker 4G.
General procedure for the synthesis of spiro-isoxazolines
The appropriate aldehyde (1 equiv.) was diluted in CH 2 Cl 2 (10 mL) and stirred at room temperature. Hydroxylamine (2 equiv.) and NaOH (2 equiv.) were added and the mixture was heated to reux for 4 h. Ethanol was evaporated under reduced pressure then the crude mixture was diluted with water (10 mL) and AcOEt (10 mL) then extracted with AcOEt (3 Â 10 mL). The combined organic layers were dried with MgSO 4 , ltered and concentrated under reduced pressure to lead to the aldoxime intermediate. The aldoxime was diluted in THF (10 mL) then tomentosin (0.2 equiv.) and bleach (5 mL) were added dropwise. The reaction mixture was stirred at room temperature for 12 h. The mixture was diluted with water (10 mL) and extracted with CH 2 Cl 2 (3 Â 10 mL). The combined organic layers were dried with MgSO 4 , ltered and concentrated under reduced pressure providing a crude product, which was puried by ash chromatography on silica gel.
13-[Amino, phenyl-methyl]-11, N-epoxy-tomentosin (3a). General procedure for the synthesis of spiro-isoxazolidines
The appropriate nitrone (1.1 equiv.) was added to a solution of tomentosin (1 equiv.) in benzene (2 mL). The resulting suspension was heated to reux for 12 h. Then the reaction mixture was concentrated under reduced pressure and the crude material was puried by ash chromatography on silica gel to provide the expected spiro-isoxasolidine.
13-[(Phenylamine), phenyl-methyl]-11, N-epoxy-tomentosin (5a). Following the general procedure, using tomotensin (80 mg, 0. 
